Recent three-pulse photon echo peak shift (3PEPS) measurements [M. Muramatsu, Y. Nagasawa, and H. Miyasaka, J. Phys. Chem. A 115, 3886 (2011)] with several room temperature ionic liquids (RTILs) have revealed multi-exponential dynamics with ultrafast solvation timescale in the range, 20 < τ 1 /fs < 250, for both imidazolium and phosphonium RTILs. This is striking for two reasons: (i) the timescale is much faster than those reported by the dynamic Stokes shift (DSS) experiments [S. Arzhantsev, H. Jin, G. A. Baker, and M. Maroncelli, J. Phys. Chem. B 111, 4978 (2007)] and (ii) sub-hundered femtosecond solvation response in phosphonium ionic liquids is reported for the first time. Here, we present a mode coupling theory based calculation where such ultrafast solvation in 3PEPS measurements has been visualized to originate from the nearest neighbour solute-solvent interaction. Consideration of Lennard-Jones interaction for the nearest neighbour solute-solvent nondipolar interaction leads to biphasic dynamics with a predicted ultrafast time constant in the ∼100-250 fs range, followed by a slower one similar to that reported by the 3PEPS measurements. In addition, the calculated fast time constants and amplitudes are found to be in general agreement with those from computer simulations. Different microscopic mechanisms for ultrafast solvation response measured by the 3PEPS and DSS experiments have been proposed and relative contributions of the collective and nearest neighbour solvent modes investigated. Relation between the single particle rotation and ultrafast polar solvation in these RTILs has been explored. Our analyses suggest 3PEPS and DSS experiments are probably sensitive to different components of the total solvation energy relaxation of a laser-excited dye in a given ionic liquid. Several predictions have also been made, which may be re-examined via suitable experiments.
I. INTRODUCTION
Recent three pulse photon echo peak shift (3PEPS) measurements 1 using an organic dye, oxazine 4 (Ox4), in a phosphonium and several imidazolium ionic liquids (ILs) at room temperature have revealed multi-exponential solvation response function possessing an ultrafast component (∼10%-25%) with time constant (τ 1 ) in 20-220 fs range, followed by a slower component with time constant (τ 2 ) spreading over nearly a picosecond to a few picoseconds. In some imidazolium ILs, another much slower component with time constant in the range, 20 < τ 3 /ps < 65, has also been reported. These results are quite striking because of the following reasons: (i) the ultrafast timescale reported by 3PEPS measurements are much faster than those observed in the dynamic Stokes shift (DSS) experiments where complete detection of the dynamics has been performed 2 and (ii) these measurements report, for the first time, sub-hundred femtosecond solvation timescale even for a phosphonium IL which, in earlier complete DSS measurements, 3 showed stretched exponential response with only one relaxation time constant of ∼2 ns. a) Author to whom correspondence should be addressed. Electronic mail:
ranjit@bose.res.in. Table I summarizes the solvation time constants reported by the 3PEPS and DSS measurements for some of these room temperature ionic liquids (RTILs), which brings out clearly the differences stated above. Understanding the molecular origin behind such an observation constitutes the central theme of the present paper where attempts have been made to ascertain mechanisms for ultrafast solvation revealed by these two different experimental methods. The above theme then necessitates the following, somewhat detail, discussion of the results obtained by the 3PEPS and DSS measurements. These 3PEPS measurements have used oxazine 4 (Ox4) as a probe molecule, which shows steady state Stokes shift values in 200-500 cm −1 range for these RTILs. Such a small shift is in fact a characteristic 4 for Ox4 and can probably be attributed to its weakly polar ground (S 0 ) and even less polar excited (S 1 ) states. 5 Moreover, it has been found that solvent dependence of ultrafast solvation dynamics of Ox4 in conventional molecular liquids cannot be described by dielectric relaxation based theories. these probes in phosphonium and imidazolium ionic liquids have been found to be approximately an order of magnitude larger than those with Ox4, and dynamic response explainable by a semi-molecular theory [16] [17] [18] [19] [20] [21] that uses experimental dielectric relaxation data [22] [23] [24] [25] as inputs. These contrasting results along with those discussed in the above paragraph then give rise to the following question: do 3PEPS and DSS experiments probe different aspects of solute-solvent interaction while measuring the solvation energy relaxation in these RTILs? The question becomes even more pertinent when one recalls that earlier 3PEPS studies of solvation dynamics in ambient alcohols (albeit with different solutes) 26 produced much faster timescales than those reported by DSS 27 and transient absorption (TA) 28 measurements, and subsequently, a possible resolution to the debate in terms of solute-solvent nearest neighbour non-polar type interaction was provided. 29 Since peak shift in 3PEPS measurements is related to the linebroadening function 30, 31 which is determined by the total solvation energy correlation function and Stokes shift, 26, 29 it is quite natural that both polar and non-polar solute-solvent interaction energies contribute to the observed dynamics. Moreover, experimental studies of non-dipolar solvation dynamics in conventional molecular solvents [32] [33] [34] [35] [36] have revealed Stokes shift ranging from a few hundred to several hundred cm −1 , which is much smaller than those observed in the cases of polar solvation. All these indicate a possible role for non-dipolar solvation dynamics to the timescales measured by the 3PEPS experiments. One therefore needs to investigate the timescales that may arise from interactions, which possess spatial dependence shorter-ranged than the dipole-dipole (u id ∝ r −3 ) interaction.
What we do next is as follows. Fig. 1 . For simplicity, we approximate the non-dipolar interaction as purely a non-polar interaction given by the conventional Lennard-Jones (LJ) 6-12 interaction. 36 The total dynamics is predicted in terms of solute-solvent binary collision and collective structural relaxation through a mode-coupling approach. [37] [38] [39] Evidently, the binary collision part describes the initial ultrafast response where solvent distribution around a solute at extremely short time is approxi- mated by the equilibrium radial distribution function. 36 This amounts to stating that the solute is trapped inside a solvent cage at short time where collision against the solvent cage carries out the initial phase of the solvation energy relaxation. The structural relaxation part, governed by the solvent density fluctuations (and hence connected to the medium viscosity), then takes over and accounts for the slower component of the total solvation energy relaxation. 40 In other words, a clear separation between the collisional and density fluctuation timescales are assumed a priori. The timescales associated with the nearest neighbour (kσ → 2π ) and collective (kσ → 0) solvent density modes for the structural relaxation part are then explored. Subsequently, the origin for the ultrafast polar solvation response is investigated by testing the relation between solvent rotation (here imidazolium ILs) and polar solvation energy relaxation. Experimental dielectric relaxation data at the microwave frequency range have been used for such an investigation in order to either minimize or avoid contributions from the solvent translation-rotation coupling (conductivity contribution), which appears at the terahertz (THz) regime. [41] [42] [43] Finally, a comparative study between the calculated results and those obtained from 3PEPS, DSS, and computer simulations [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] is presented, which suggests that these different experimental methods probe different aspects of the solute-IL interaction.
II. THEORY AND CALCULATION DETAILS
The normalized solvation energy-energy time correlation function, S NP (t), for the solute interacting with the solvent molecules via nonpolar interaction can be written as 39 
S NP
where C NP EE (t) is the un-normalized nonpolar solvation energy time correlation function. Following the prescription described earlier, 39 C NP EE (t) can be given by the following expression:
where τ B E is the relaxation time of the binary part of the energy-energy correlation function and is given by
At extremely short times, this binary part is determined by the solute-solvent interaction potential (v 12 (r)) where the solvent distribution around the solute can be approximated by the solute-solvent radial distribution function, g 12 (r), weighted by the solvent density (ρ) 39, 58 
and
where m* denote the reduced mass of the solute-solvent composite system. Note in the above expressions, the following equality has been used: G 12 (r, t = 0) = g 12 (r), where G 12 (r, t) represent the distinct part of the van Hove correlation function. 36 The slowly varying, density fluctuation contribution, C ρρ (t), is approximated as 40 
C ρρ
where c 12 (k) being the wave-number, (k) dependent solutesolvent direct correlation function, and k B T the Boltzmann constant times the absolute temperature. c 12 (k) has been obtained by using the Weeks-Chandler-Andersen (WCA) scheme. 59 Subsequently, the dynamic solvent structure factor, S(k, t), has been calculated by using the relation 37, 60 
where L −1 denotes the Laplace inversion operator, which is performed numerically by using the Stehfest algorithm. 61 z is the frequency. The static solvent structure factor, S(k), is obtained from the solutions of the Percus-Yevick (PY) equation for binary mixture of hard spheres.
62 ω
, m being the mass of a solvent molecule, τ
is the second moment of the longitudinal current correlation function expressed as
where the longitudinal component of the vertex function, γ l d (k), and the Einstein frequency of the solvent, ω 0 , can be calculated from the solvent-solvent interaction potential, v(r), and the radial distribution factor, g(r), from the following expressions: [37] [38] [39] 
It is evident therefore that once the solute-solvent and solvent-solvent interaction potentials (non-polar) are specified, the solvation response function using Eq. (1) can be easily evaluated. As already mentioned, we have used the traditional 6-12 LJ potential to represent the solute-solvent and solvent-solvent interactions.
The solute-solvent radial distribution function, g 12 (r), required in Eqs. (4) and (5), is calculated from partial structure factor. 63, 64 The partial structure factors (S ij (k)) are the (i, j) elements of the structure factor matrix (S(k)). For binary mixtures, S(k) is written as follows: 63, 64 S(k) = S 11 S 12
Similarly, the partial direct correlation function (c ij (k)) are the (i, j) elements of the direct correlation function matrix (c(k)). S(k) and c(k) are connected via the following relation:
where 1 denotes the identity matrix. Hence, the partial structure factors can be written as
We have calculated the direct correlation functions, c ij (k), by using the method mentioned earlier 62 via the WCA scheme.
If one considers the ion-ion interaction in addition to the LJ potential for solvent-solvent interaction, solvent-solvent direct correlation functions can be approximated by the pair correlation function (h αβ (k)) 65, 66 
where σ is the ionic diameter, and κ is related to the Debye screening parameter 
where ε 0 is the static dielectric constant of the medium, ρ α the density of and q α the charge on the αth species. Note the Debye screening length, κ
D , for these RTILs is even less than 1Å and thus unrealistic as a screening length for these molecular systems. 67, 68 In addition, Eq. (16) describes static correlations in ionic solutions at the long wavelength (that is, kσ → 0) limit. As a result, correlations calculated using Eq. (16) is likely to be inaccurate for dynamical events that are regulated by correlations at the molecular length scales. This may lead to improper predictions of RTIL dynamics.
III. NUMERICAL RESULTS AND DISCUSSIONS

A. Ultrafast solvation response measured by 3PEPS experiments: Possible origin
Calculated decays of the nonpolar solvation response function, S NP (t), are shown in Figure 2 . These calculations are done with solute-IL size ratio, R = σ solute /σ IL = 1, σ being the molecular diameter, 2, 3, 69 and at the respective RTIL densities. 70 Note that fixing the solute-IL size ratio at unity for these calculations may not be quite unphysical as Ox4 (size unavailable) is structurally very similar to C153 whose molecular diameter is known. 27 Data on size ratio provided in Table S1 (see supplementary material 71 ) suggest that imidazolium ILs, particularly those with non-TFSI anions, possess a size ratio nearly unity against a solute similar to the size of C153. Other parameters necessary for calculations are provided in Table S2 . 71 The calculated decays exhibit an anion dependence which has already been reported by the 3PEPS measurements.
1 A closer inspection of Fig. 2 also reveals an anion sequence in terms of non-polar solvation energy decay rate in imidazolium ILs (Cl
, which is the same as observed in experiments. 1 However, the decay predicted for [Phos] [Cl] is the slowest and thus completely different from the 3PEPS results. Calculated decays shown here are bimodal and nicely fit to a sum of Gaussian and exponential components having the following form:
Parameters obtained from such fits summarized in Table II indicate overwhelming dominance (∼90%) of the Gaussian component with a time constant (τ 1 ) in ∼100-250 fs range. The slow, exponential component with a time constant (τ 2 ) of 2-3 ps then carries out the remaining part of the S NP (t) decays in these RTILs. Time constants obtained from 3PEPS measurements are also shown in Table II , and a comparison reveals semi-quantitative agreement between the predicted and measured τ 1 and τ 2 except for [Phos] [Cl]. Interestingly, the slowest time constant from 3PEPS measurements (τ 2 = 0.53 ps) for [Phos] [Cl] is quite close to τ 1 from theory but the predicted slower time constant (∼6 ps) has not been detected in experiments with this RTIL. We have found that equally good description of the calculated decays could be obtained by fitting to a function consisting of a Gaussian and two exponentials producing a third but negligibly small component (∼1%) with a time constant (τ 3 ) in 20-60 ps range (τ 1 and τ 2 remaining more or less unchanged). Although this third time constant is in the same range as found in 3PEPS measurements with some of the imidazolium ILs, the smallness of the associated amplitude does not confidently suggest its real presence in our calculated S NP (t).
The time constants and amplitudes obtained from fits to the S NP (t) decays bear some similarities with those from the simulated solvation response functions for many different ILs with a variety of solutes. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] For example, a very recent simulation study of solvation dynamics in a model IL mimicking [Bmim] [PF 6 ] at 350 K has reported, depending upon solute size and type of solute electronic perturbation, ultrafast Gaussian solvation response characterized by a time scale in ∼200-400 fs range with ∼30%-65% amplitude. 44 Simulation studies of solvation dynamics using model diatomic solutes in [ 6 ] at 300 K has revealed, on the other hand, a much less pronounced Gaussian component (∼10%-30%) with a time constant of ∼200 fs. 54, 55 Subsequent simulations involving pyrrolidinium ILs and C153 at 400 K have reported the ultrafast component to be approximately 20% with time constant in ∼200-300 fs range. 56, 57 In all the above simulations, the origin of the ultrafast solvation has been attributed to the nearest-neighbour solute-IL interaction. Interestingly, in the present calculations too, the ultrafast timescale emerges from the binary interaction of the solute with the molecules in the first solvation shell via the convolution of spatially dependent solute-solvent interaction with solute-solvent radial distribution function (see Eqs. (4) and (5)). According to these equations, it is the solutesolvent radial distribution function at contact (that is, g 12 (σ )) that determines the ultrafast collisional timescale at a given liquid density and temperature. Therefore, this description for the ultrafast solvation is equivalent to what is already pointed out by simulations [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] and envisaged in Ref. 1 while explaining the 3PEPS results. However, there exists a subtle difference in the sense that the sub-picosecond response in almost all of these simulation studies 44, [46] [47] [48] [53] [54] [55] [56] [57] arises from the electrostatic solute-IL interaction, whereas the present calculations and the simulation works reported in Ref. 52 suggest non-polar solute-IL interaction as a source for such an initial ultrafast decay. This simulation study 52 monitored fluctuations in both electrostatic and LJ parts of the solute-IL interaction energy and found that equilibrium correlation functions constructed from these individual fluctuating components are characterized by damped oscillations with similar time periods (∼350-500 fs). The striking resemblance between the calculated and simulated ultrafast timescales and the simulation finding that the sub-picosecond response is due to changes in Figure 3 demonstrates such a diagram where regions outside the boundary line are inaccessible to the present calculations due to the inability of the existing PY approximations to provide correct solutions for the direct correlation functions. It is evident from this figure that for liquids with densities as high as of these ILs, choice of a solute in the present calculations is rather narrow. For a solute 2-3 times larger than that of an IL molecule, one has to lower the IL density appreciably (from ρ * N ∼ 1.3 to ρ * N ∼ 0.7) in order for the present theory to work. This limitation notwithstanding, the current calculations can be employed to explore the solute size dependence of the ultrafast solvation response in ILs because a significant dependence on solute size has already been predicted for solvation via non-polar mechanism. 40 Such a solute size dependence for [Bmim] [Cl] is presented in Fig. 4 where in the upper panel, the time constants (τ 1 and τ 2 ) obtained from fits to the S NP (t) decays calculated at ρ * N = 0.7 are shown as a function of R. Note the fast time constant, τ 1 , decreases by about 20% for changing R from 1 to 3 while τ 2 (slower of these two) remains almost insensitive to the size ratio. The origin could be traced in the solute size dependence of the solute-solvent radial distribution function at contact, g 12 (σ ), shown in the lower panel of Fig. 4 , as a function of R. Here, also g 12 (σ ) increases by ∼20% for the same change in R. As g 12 (σ ) regulates the solute-solvent interaction via structuring the first solvation shell, the dependence is more direct and hence the scaling is proportionate. This predicted solute size dependence of ultrafast solvation timescale in ILs may be tested against 3PEPS measurements since the latter can probe more accurately the nearest neighbour (kσ → 2π ) interactions. The dependence of ultrafast solvation time scale on g 12 (σ ) brings into the picture the density dependence of solvation rate since g 12 (σ ) is determined by the liquid density at a given temperature via the pressure equation. 36 Figure 5 depicts such a density dependence for R = 1 at T = 300 K where both τ 1 and τ 2 are shown as a function of reduced solvent density, ρ * N . Note in this figure that while τ 1 decreases steadily with density, τ 2 increases. This can be understood by considering the following physical picture. The increase in liquid density leads to more densely packed solvation structure around the probe solute. This is reflected in the density dependence of g 12 via more effective solute-solvent interaction. This is binary in nature and the origin for τ 1 to become faster with ρ * N . The slower timescale (τ 2 ), on the other hand, becomes even slower with density because τ 2 is controlled by the structural relaxation (see Eq. (6)), which becomes slower as density increases. This is shown in the lower panel of Fig. S3 (see supplementary material 71 ) where decays of the normalized wavenumber dependent solvent dynamic structure factor, S(kσ , t), are compared for two different densities at two different wavenumbers. Note here that the decay corresponding to larger wavenumber is faster than that to smaller wavenumber, suggesting the slower timescale is associated with the collective density fluctuations. The average non-polar solvation time, shown also in Fig. 5 , decreases with density because of the dominant amplitude (∼90%) for the calculated ultrafast component. This prediction of solvent density induced fast component becoming faster and slow turning slower, which can be accessed via changing pressure at a fixed temperature, may be cross-examined via experiments and compared between ionic liquids and conventional molecular liquids. It is worth mentioning here that given the solute-solvent size ratio and density dependencies of the solvation timescales and also if one considers the possible change in solute-ion interactions due to change in conformational structure of larger ion such as TFSI, [72] [73] [74] the agreement between the calculated and measured timescales (Table II) may be termed as semi-quantitative. This is interesting as accurate modelling of shorter-ranged interactions in ionic liquids demands more complexity than the simple one presented here because of the heterogeneity inherent to these ILs [75] [76] [77] [78] [79] [80] [81] [82] and variations in shape of the constituent ions.
Next we present in Fig. 6 the calculated solvation response functions for three different solute-IL size ratios after considering the ion-ion interaction in addition to the LJ interaction among IL molecules. This we may term as ionic LJ interaction, and used [Bmim] [Cl] as the representative IL for the subsequent calculations. The term that is freshly calculated with this modified interaction is the density fluctuation contribution, C ρρ (t). The dissolved solute is, as before, a LJ particle and ρ * N = 0.7. Parameters describing the decays of the calculated response function (denoted as S ILJ (t)) are also shown in the inset of this figure. It is evident from this figure that incorporation of the longer-ranged electrostatic interaction in the static ion structure factor (S(k)) via Eq. (16) leads to much slower relaxation of the solvation energy for a nonpolar solute. As already discussed, this may be due to inaccurate description of the ion-ion correlations at the molecular length-scales by Eq. (16) , which, in turn, has led to the incorrect prediction of the solvation energy relaxation. This is of course expected as Eq. (16) is based on continuum model description of systems possessing electrostatic interactions and describes static ion-ion correlations at the long wavelength (that is, kσ → 0) limit. Even with this lacuna, the resultant calculations capture the solute size dependence in line with what has already been observed with pure solute-solvent and solvent-solvent non-polar interactions (shown in Fig. 4 ). This is because g 12 (r) in C B EE (t) is still obtained from solute-IL non-polar interaction and dominates the total solvation energy relaxation via the initial ultrafast component.
B. Ultrafast solvation response measured by DSS experiments: Possible origin
We have already noticed in Table I that DSS measurements report ultrafast solvation timescale for imidazolium ILs much slower than that by the 3PEPS measurements. Inertial translation of the lighter ions (for these ILs the anions) has been believed to be the origin for the initial fast solvation response detected in DSS experiments. 2, 83, 84 However, this mechanism fails to explain why DSS measurements do not find any ultrafast component for [Phos] [Cl] in which the anion is ∼8 times lighter than the anion in [Bmim] [TFSI], where DSS experiments report the presence of a fast component with time constant ∼700 fs. Similar comparison also holds for the other two imidazolium ionic liquids where the anions are 2-4 times heavier than that in the [Phos] [Cl] . Subsequently, a semi-molecular theory has successfully described the biphasic solvation energy relaxation in imidazolium ILs observed in DSS measurements by using the experimental dielectric relaxation data as input, and proposed the collective reorientational dynamics of the dipolar ions (for example, imidazolium cation in imidazolium ILs) as the source for the initial fast dynamics. [16] [17] [18] [19] [20] [21] In addition, this theory describes the experimental Stokes shift dynamics in these ILs in terms of both solute-IL dipole-dipole and dipole-ion contributions, where the slow dynamics at long time has been ascribed to the relaxation of the ion dynamic structure factor via centre-of-mass ion motion. Since the above dielectric relaxation based theory has been discussed in detail elsewhere, [16] [17] [18] [19] [20] [21] we will present here only the necessary equations for stressing the importance of the reorientational motion of the dipolar cations and the lengthscale involved in the orientational density fluctuation that produces the initial fast solvation response measured in these ILs. Later, we explore for an imidazolium IL, the validity of the approximate relationship between the single particle orientation and initial solvation response first proposed for explaining the short time dynamics in conventional, strongly polar liquids. 85, 86 The normalized solvation response function due to the fluctuating solute-IL dipole-dipole interaction energy ( E sd ) is as follows: [16] [17] [18] [19] [20] [21] 
where the equilibrium dipole-dipole energy correlation function for a large and massive solute can be written as [16] [17] [18] [19] [20] [21] , t) ) provides an approximate description of the solvent's frictional response and consists of the rotational ( R (k, z) ) and translational ( T (k, z) ) memory kernels. 10 If one assumes diffusive relaxation for the isotropic dynamic structure factor, T (k, z) can be obtained rather trivially from the centre-of-mass diffusion calculated using the medium viscosity and a suitable hydrodynamic boundary condition. However, one can include the inertial effects in the translational motion via a more accurate ion dynamic structure factor (see Eq. (13) of Ref. 18 ) but we have not done so as the subsequent calculations avoids direct inclusion of the inertial motions (both rotation and translation). Calculation of R (k, z) is rather difficult and is usually obtained via the following connection to the experimental frequency dependent dielectric relaxation (ε(z)) in the collective limit: [86] [87] [88] [89] 2k
where ε 0 and ε ∞ are, respectively, the static and infinite frequency dielectric constants of the medium, I the moment of inertia of the rotating species. f (110, kσ → 0)
. It is clear from Eq. (21) that the experimental nature of ε(z) (multi-exponential or stretched) will be transferred to the calculated polar solvation energy relaxation. This also means that any solvent dynamics, either pure rotational or collisional in character, which can impart a time-dependent change in the collective dipole moment autocorrelation function and thus contribute to ε(z), will be included in the subsequent calculations of polar energy relaxation using Eq. (19) . While the pure rotational contribution to ε(z) falls in the microwave frequency regime (300 MHz-300 GHz), [90] [91] [92] [93] the collisional or the translation-rotation coupling contribution emerges in the terahertz (1 THz = 10 3 GHz) range. 41, 42 Dielectric relaxation measurements in the frequency range, 0.2 ≤ ν/GHz ≤ 89, of several of the RTILs studied here have reported ε(z) in the following form: 6 ] at ∼298 K, τ 1 and τ 2 have been found to be 284 ps and 620 fs, and 1178 ps, and 470 fs, with α 1 as 0.52 and 0.57, respectively. While the slower time constant (τ 1 ) has been ascribed to the exclusive reorientation of the cation dipole of these ILs, the faster one has been suspected to have contributions also from intermolecular vibration and other high frequency modes such as collision and translationrotation coupling. 23 In what follows next, we use these two ILs as representative examples to show that ultrafast solvation timescale observed in DSS experiments can indeed arise in the present theory from the measured slowest dielectric relaxation step of these liquids in which ion translation or libration does not contribute at all. suitability of the above fit function for the calculated solvation response functions in the kσ → 0 and kσ → 2π limits even when one considers only the slowest but stretched component of the full experimental dielectric response. Both visual and numerical comparisons with experimental results strongly suggest that the pure reorientational dynamics of the dipolar cation can indeed generate an ultrafast polar solvation response in the collective limit with a time constant and amplitude very similar to those observed in the corresponding DSS experiments. 2 Interestingly, the calculated solvation response at kσ → 0 limit also predicts the stretching exponent (α) very close and the slow time constant (τ 2 ) within a factor of 2 to those reported by the DSS experiments. The solvation response predicted at kσ → 2π limit is, on the other hand, is much slower and suggests overwhelming domination by the slow component (96%-98%) even-though the stretched exponential character of the dynamics has been reproduced qualitatively. The incorporation of the full experimental ε(z) 23 in the calculations leads to much faster decay of S sd (t) at the collective limit but brings the nearest neighbour response much closer to the experiments. This is shown in Fig. S4 of the supplementary material. 71 Interestingly, even with full ε(z), the time constants associated with S sd (t) decays at kσ → 2π limit remain slower than those from experiments for these ILs, signifying the dominance of the collective polarization density fluctuation modes in the polar solvation energy relaxation in these coulomb fluids, particularly at short times. Interestingly, this is very similar to the predictions made earlier for polar solvation energy relaxation in conventional dipolar liquids. 10, 94, 95 This, however, does not suggest that the nearest neighbour solvent modes are unimportant. In fact, relaxations of both the orientational polarization density and isotropic ion density involving the nearest neighbour modes contribute to the slow long time decay so typical of these liquids. 17, 18, 21 The closeness between the calculations at the collective limit and experiments observed in Fig. 7 then leads us to explore the relationship between the polar solvation response and the collective reorientational dynamics of dipolar IL species. This is along the line of what has been proposed earlier for short time dynamics in common dipolar solvents based on simulation results 85 and subsequently derived analytically in the limit of collective (kσ → 0) dipolar solvent response. 86 Note the dipolar species is executing orientational relaxation in the force field of others and thus acquires a "collective" character in its single particle orientational motion. 29 For a strongly polar and homogeneous liquid where the polar solvation energy relaxation is much faster than the collective single particle orientation, the short time dynamics at the kσ → 0 limit was predicted to be given by 86 , with μ cation being the dipole moment of the dipolar species (cation here) and ρ the IL number density. Figure S5 (see supplementary material 71 ) demonstrates that for [Bmim] [BF 4 ], the relaxation of the polar solvation energy is much faster than that of the collective single particle orientational correlational function (C 1 (t)) and thus fulfils one of the approximations made for strongly polar solvents. This is a result representative of other imidazolium ILs as well and thus can be regarded as a general trend. The domination of the collective polarization mode in the early part of the polar solvation dynamics noticed in Fig. 7 for imidazolium ILs provides further support for carrying out the proposed analyses for these dipolar ILs. However, a direct comparison between the dipolar solvation response calculated from the present theory and that from [exp (−t/τ I ) 2 ] γ may not be proper for these ILs as inhomogeneity present in these liquids induces large departure of the cation reorientational dynamics from the isotropic rotational diffusion. 23, 48, 96, 97 Anisotropic relaxation with large angle hopping motion 48 can give rise to fast energy relaxation in a way equivalent to that producing larger than the expected centre-of-mass diffusion in supercooled systems. [98] [99] [100] [101] Even for these inhomogeneous liquids, we find that the calculated collective polar solvation response, S sd (t, kσ → 0), can be mapped semi-quantitatively by the collective single particle orientational relaxation, C 1 (t), with a translation factor, γ . Note C 1 (t) is connected to ε(z) via R (k, z) as follows:
10 tion density relaxation can indeed generate the ultrafast response observed in DSS experiments. Note, however, that the value of the translation factor (γ ) that has lead to the successful mapping of S sd (t) by C 1 (t) is approximately half of that (6.20) obtained from the relation, γ = 3Y /(1 − ε −1 0 ), using μ cation ≈ 3.7 D. 102 If one uses μ cation ≈ 2.6 D, 103 the value of γ turns out to be ∼3, which is very close to the value (3.36) found here from mapping. This discrepancy, therefore, is more of a reflection of the non-uniqueness for the definition of the dipole moment of a charged species 104 than the inability of the cation rotational dynamics to describe the solvation energy relaxation in dipolar (here imidazolium) ILs. The comparison shown in Fig. 8 then do suggest that ultrafast polar solvation measured in DSS experiments with dipolar ILs can arise from the complex reorientational dynamics of the dipolar ions in these ILs.
IV. CONCLUSIONS
The work described here shows that the ultrafast solvation response in RTILs measured via 3PEPS experiments may have origin in the nearest neighbour solute-solvent nondipolar interaction. When this non-dipolar interaction and that among solvent molecules are modelled as that given by the traditional LJ potential, the calculated fast time constants have been found to be in very good agreements with 3PEPS experiments for most of the RTILs. The calculated results also agree with the available simulation results and support the picture that sub-hundred femtosecond solvation response in ILs arises mainly from the nearest neighbour solute-IL interaction where solvent (or dipolar cation/anion) rotation plays an insignificant role. The regulatory nature of the nearest neighbour mode for nonpolar solvation energy relaxation forces the Debye-Huckel type description of spatial correlations inaccurate for explaining the 3PEPS and simulation results. A strong solute-solvent size ratio and density dependencies for the binary ultrafast solvation component have been predicted, which may be re-examined via suitable experiments. It is, however, to be mentioned here that electrostatic interaction can make the solvent structure around a dipolar solute more compact ("electrostriction"), 105, 106 making the binary relaxation timescale much faster through the increased g 12 (σ ) values. 107, 108 Simulation studies of vibrational energy relaxation in ILs have already found the signature of it. 108 Such an enhancement of solvent density is not expected for a nonpolar solute and present calculations have also not considered this aspect (density enhancement) while predicting the rates for nonpolar solvation energy relaxation of a nonpolar solute in these ILs.
When the solute-IL dipolar solvation response is considered, it turns out to be the reorientational dynamics of the dipolar species (cation or anion), which can successfully describe the calculated polar solvation energy relaxation. Interestingly, the collective polar solvation response has been found to contain an ultrafast component, which is very close to that observed in the DSS experiments. The slowest component of the experimental dielectric relaxation data with its stretched exponential character alone is found to generate the ultrafast polar response in the imidazolium ILs in the limit of the collective polarization density relaxation. The calculated dynamics presented here therefore suggest that the 3PEPS and DSS experiments measure the solvation response induced by the different components (non-dipolar and dipolar) of the total solute-IL interaction. However, it should be kept in mind that such a conclusion has been arrived after comparing the calculated dynamics to those from experiments that have used solutes of different characters--one (Ox4) that undergoes small dipole moment change upon excitation and the other (C153 or DCS) undergoes a large dipole moment change. So, the observed difference may partly arise from the difference in this solute character. Therefore, a comparison between the predicted results and those from 3PEPS and DSS measurements using the same solute is warranted for a more rigorous test of the above proposition. Applications of the present theory for a wider variety of ILs and comparison with experimental data (obtained using the same solute in 3PEPS and DSS measurements) should therefore be done in future.
